Abstract. In this paper, a low complexity ESPRIT algorithm for coherently distributed noncircular source is proposed. Due to the utilization of noncircular source, the proposed algorithm derives both the received signal and its conjugate to obtain the extended received data matrix and covariance matrix. When compared to the conventional ESPRIT algorithm, the algorithm considering noncircular properties can provide more accurate estimation performance. Numerical simulation results verifies the validity and reliability of the proposed algorithm.
Introduction
Recently, many researches are concentrated on the model of distributed source. Different from the point source, the distributed source brings about certain significant advantages in practical scenarios such as mobile communication [1] , indoor radio propagation [2] , underwater sonar [3] etc.. Refer to the direction-of-arrival (DOA) estimation problem of the distributed source, most of previous methods mainly take the complex circular signal into consideration. The binary phase shift keying (BPSK) and amplitude modulation modulated signals, which are called noncircular signal because their statistics are rotationally variants, are widely used in communication systems [4, 5] . Nowadays, the noncircularity of signal have also been exploited to enhance the performances of DOA estimation algorithms [6] [7] [8] .
The work in [6] link the noncircular signal with conventional distributed source parameter estimation (DSPE) algorithm and derives a MUSIC like spectrum to obtain the angular parameter estimation. To avoid the high complexity due to one-dimensional peak search in [6] , the ESPRIT-like method in [7] employed the approximate rotation invariance relationship with the aid of the characteristic of the double parallel uniform linear array. And in [8] , a noncircular propagator based method for coherently distributed source (NC-PM-CD) exploits the propagator, which is a linear operator that can be easily estimated from the received data to dispense with the eigen decomposition in [7] .
In this paper, we propose a novel noncircular ESPRIT (NC-ESPRIT) algorithm for one-dimensional DOA estimation of noncircular distributed source using a uniform linear array (ULA). Due to the utilization of noncircularity of signals, the proposed algorithm has better parameter estimation performance than the conventional ESPRIT algorithm.
And the proposed algorithm can achieve automatically paired one-dimensional angle estimation. Furthermore, when compared with PM-CD [9] , NC-PM-CD [8] algorithm, the proposed one has improvements in parameter estimation performance, especially on the conditions of low signal-to-noise ratio (SNR) and small snapshot numbers.
The remainder of this paper is structured as follows. Section 2 develops the data model. Section 3 presents the proposed NC-ESPRIT-CD algorithm. In section 4, we provide the performance analysis. In section 5, simulation results are given to verify the effectiveness of the proposed algorithm. While our conclusion is shown in section 6.
Notations: Lower-case (upper-case) boldface symbols denote the vectors (matrix); We assume that K uncorrelated, narrowband, far-field CD sources imping on the array equipped with the ULAs shown in Figure 1 . The ULA consist of M sensors with half wavelength inter-element spacing and M>K. Thus, the received data of the array at time t can be written in the continuous integral form as
where
 ψ is the angular signal density of the ith CD source;
[ , ]
is the location parameter vector with nominal DOA i  and the angular spread i  of the ith CD source, ( ) t n denote the additive zero-mean white Gaussian noise vectors and  is the wavelength.
In the case of CD source, we can rewrite the angular signal density ( , ; ) ( ) ( ) ( ; , As shown in Figure 1 , define the first M-1 sensors and the last M-1 sensors of the ULA as the subarray X1 and X2, respectively. So the generalized direction vectors of X1 and X2 can be denoted as
It is easy to get the following approximate rotation invariance relationship [9] ( ), ( ), , ( )
According to noncircular property [10, 11] , the source matrix can be presented as , , ,
diag e e e  P  with i p being the circularity rate if the ith CD source. When the K CD sources are all maximum circularity rated signals, we have  P I. In this paper, we only take the maximum circularity rated signal into consideration.
The Proposed Algorithm Data Construction
Considering the noncircularity of the CD source, the extended received data matrix ( ) t y can be written as
The covariance matrix of the extended data matrix can be denoted by
Through eigen value decomposition (EVD), R can be denoted by
are the diagonal matrices consisting of the largest K and the smallest 2M-K eigenvalues of R , respectively.
denotes the signal subspace which is composed of the eigenvectors of R corresponding to the largest K eigenvalues. And
denotes the noise subspace which is composed of the eigenvectors of R corresponding to the smallest 2M-K eigenvalues.
where Φ and Ψ have the same eigenvalues. Thus, the estimation of nominal DOAs can be achieved by performing eigen decomposition on Ψ arg( ) arcsin 1, 2, , 2
where i  is the ith eigenvalue of Ψ .
In the finite sampling case, the covariance matrix R can be estimated by
where L is the number of snapshots.
Performance Analysis

Advantages of the Proposed Algorithm
The advantages of the proposed algorithm are summarized as follows 1) The proposed algorithm has better angular parameter estimation performance than the conventional ESPRIT-CD algorithm because of exploiting the property of noncircular signals.
2) The proposed algorithm outperforms the PM-CD [9] algorithm and the NC-PM-CD [8] algorithm, which will be verified in the following section.
3) The proposed algorithm works well without estimating NC phase and requires no peaking searching.
Simulation Results
In this section, we provide numerical simulation results to evaluate the performance of the proposed algorithm. The root mean square error (RMSE) is adopted to access the estimation performance of the proposed algorithm, which is given by . And we assume the receive array is a ULA with the antenna spacing of half wavelength. Unless specifically stated, the number of snapshots L, the number of sensors M and the the times of Monte-carlo trials S are set as 400, 6 and 500, respectively. Figure 2 and Figure 3 present the nominal DOA estimation performance comparisons among the proposed NC-ESPRIT-CD algorithm, the ESPRIT-CD algorithm, the PM-CD algorithm [9] and the NC-PM-CD algorithm [8] . From Figure 2 and Figure 3 , we can find that the nominal DOA estimation performance of the proposed NC-ESPRIT-CD algorithm is superior to that of the ESPRIT-CD algorithm, the PM-CD algorithm and the NC-PM-CD algorithm. Figure 4 that the angle estimation performance of the proposed algorithm is significantly improved when L increases. Figure 5 presents the nominal DOA estimation performance of the proposed algorithm with different numbers of antennas M. Figure 5 demonstrates that the nominal DOA estimation performance of the proposed algorithm is improved with the increase in the number of the antennas.
Summary
In this paper, we propose a NC-ESPRIT-CD algorithm for noncircular coherently distributed signals with uniform linear array. Based on the conventional ESPRIT-CD algorithm, we utilize the noncircularity of the signals and double the array aperture. The proposed algorithm has better nominal DOA estimation performance than the ESPRIT-CD algorithm, the PM-CD algorithm and the NC-PM-CD algorithm.
